Voltammetric measurements on a series of cyanoimidazoles and their metal complexes are reported and compared with those for various donors and acceptors measured under the same conditions. LUMO energies from extended Hiickel calculations correlate well with reduction potentials of cyanoimidazoles. Extended Htickel calculations also give insights into the interaction of the metal complexes of tetracyanobiimidazole and the nature of molecular stacking.
Introduction
Our interest in cyanoimidazoles and their metal complexes arises from our studies of new materials with interesting electron transport properties. Cyanoimidazoles as a class are well suited for development as electron acceptors or as n-accepting ligands in metal complex acceptors.
A number of structural features have been identified as prerequisites for conductive charge-transfer salts [1 -7] . Such materials should be planar to allow them to stack closely in the crystalline state. They should possess an extended n-system, and the charge on the molecules should be distributed to the periphery of the molecule to delocalize charge and minimize Coulombic repulsions [2] . Furthermore, the electron donor and electron acceptor components should be matched closely in oxidation and reduction potentials to allow for partial charge transfer [6] .
Cyanoimidazoles fulfill these requirements and possess several other advantages. 4,5-Dicyanoimidazole (1) and 4,4',5,5'-tetracyano-2,2'-biimidazole (H:TcBiim) (2) are quite planar both as neutral molecules and in complexes [8, 9] . The ~r-systems of these molecules extend over all non-hydrogen atoms, and negative charge is delocalized into the nitrile groups at the periphery of the molecule. The importance of the nitrile groups in determining *Author to whom correspondence should be addressed.
0379-6779/88/$3.50 C) Elsevier Sequoia/Printed in The Netherlands the electronic character of these molecules is demonstrated by their high acidity (pKa(1) = 5.0; pKal(2) = 2.1; pKa2(2) = 5.5; pKa(imidazole) = 14.5) [10] and their ability to stabilize metals in low oxidation states through backbonding (3) [11] . Finally, cyanoimidazoles can be further functionalized, providing opportunities for modification of chemical or electronic properties.
To date, the number of good 'partial charge-transfer' conductors remains small [3] . In order to design such materials rationally, a knowledge of the electrochemical behavior of potentially matching donors and acceptors is indispensable [2, 3, 4] . Therefore, we have measured the cyclic voltammograms of a number of donors and acceptors based on cyanoimidazoles and their metal complexes. Although the metal complexes are prepared in the reduced state, their role is that of an acceptor. This is akin to the use of TCNQ -1 in the synthesis of well-known charge transfer complexes. In fact, we have described the corresponding neutral Ir(II) species elsewhere [ 12 ] .
In order to avoid the difficulties inherent in comparing electrochemical data measured under different experimental conditions, the cyclic voltammograms of some common donors and acceptors were recorded under conditions identical to our measurements on the cyanoimidazoles.
We have also performed extended Htickel calculations on a number of organic acceptors. Correlation of calculated energies for lowest unoccupied molecular orbitals (LUMOs) with measured reduction potentials provides a computational tool for assessing proposed acceptors prior to their synthesis in the laboratory. Calculations on metal complexes of tetracyanobiimidazole provide information on their preferred geometry and the nature of the interaction between these complexes.
Results and discussion
Cyclic voltammetric measurements were made on a number of derivatives of 4,5-dicyanoimidazole. The results are summarized in Table 1 , along with potentials gleaned from the literature for some compounds of interest. The literature values have been adjusted to the scale of the present work by duplicating measurements under our conditions for a subgroup of the compounds. The reduction potentials measured for tetracyanoquinodimethane (TCNQ) and tetracyanoethylene (TCNE} were close to those reported in the literature [13] [14] [15] . The cyanoimidazoles are significantly harder to reduce than TCNQ and TCNE; however, they are more easily reduced than the other nitrile-containing compounds measured.
Of the cyanoimidazoles studied (see Fig. 1 ), only the prototypical compound, 4,5-dicyano-l-methylimidazole, yielded a nearly reversible waveform. The 1-vinyl derivative gave a reduction wave, but a very small re-oxidation wave. This result suggests that the vinyl derivative may react chemically after reduction, perhaps polymerizing on the electrode. Attempts at chemically initiated anionic polymerization of this molecule have been unsuccessful, however.
The 2,4,5-tricyano-l-methylimidazole and 4,4',5,5'-tetracyano-l,l'-dimethyl-2,2'-biimidazole derivatives both exhibited somewhat different behavior. The waveforms have two peaks in the reducing scan and no reoxidation in the return scan, suggesting two one-electron reductions followed by irreversible chemical reaction. Changing the working electrode to glassy carbon did not significantly alter the appearance of the waveforms or J"zJ )-/ -~. The lowest unoccupied molecular orbital (LUMO) energies for cyanoimidazole derivatives are all clustered around the same value, about --9.45 eV. LUMO energies for the best acceptors, such as TCNQ and TCNE, are significantly more negative than those of cyanoimidazoles, while LUMO energies for other cyanoaromatics examined are somewhat less negative. Thus, cyanoimidazoles are predicted to have acceptor power intermediate between the two extremes represented. The correlation between acceptor power and LUMO level is further demonstrated in Fig. 2 .
Given the diversity of molecular types represented in the plot, the correlation seems somewhat surprising, but may be quite useful for predicting electron-accepting ability from molecular orbital calculations. The electron-accepting ability of hitherto unsynthesized members of the cyanoimidazole family may be estimated from this correlation, provided that they do not differ greatly in geometry or functionality from the compounds already tabulated.
The electron-accepting power of cyanoimidazoles, along with their chelating geometry as biimidazoles, makes them good ~acid ligands. These ligands serve to stabilize low-valent metals. The resulting metal complexes tend to oligomerize in solution and can be partially oxidized to form organometallic conductors [16 ] . In an effort to synthesize new linear chain metal compounds, we have done experiments on a family of compounds using the flat delocalized iridium(I) complex anion (3) with the ligand tetracyanobiimidazole [16] . This anion has been electrochemically oxidized under a variety of experimental conditions to form conducting solids [17 ] . In early work, electrolyte salts of tetrahedral symmetry such as tetraalkylammonium perchlorates and tetrafluoroborates were used. These ions are incorporated into the solid products to provide charge balance. Since in these solids the metal complexes have a negative 2/3 charge per stacking unit, the resulting compounds require fractional stoichiometries of these ions to achieve neutrality.
Another possibility is to make use of tetrathiofulvalene and related compounds as counterions in the synthesis of these iridium complexes. Unlike the alkylammonium cations, thiofulvalenes are generally flat and are already known to form many stacking compounds [1 ] . Of equal importance, they are known to undergo partial charge transfer to a degree similar to the iridium compounds. Thus, they may have the ability to provide charge balance without forming non-stoichiometric materials. With this in mind, we sought to compare oxidation potentials of the iridium complex with several known sulfur donors. If these oxidation potentials are closely matched, the possibility exists of co-oxidation of the two species (or equivalently, of oxidation of one followed by charge redistribution to the other).
A survey of the literature for electrochemical data on thiofulvalene compounds revealed many differences in experimental conditions and in results between research groups [1, 3, [18] [19] [20] [21] [22] [23] . To overcome these inconsistencies, cyclic voltammetric data for compounds of interest were recorded in our laboratories. Data were evaluated within a given set of experimental conditions. Following the standards recently set by IUPAC for reporting electrode potentials in non-aqueous solvents, we have used reference redox couples as well as reference electrodes in our tests [24] . In some cases, two reference redox couples were used to fix two points on the potential axis.
Typical voltammograms are shown in Fig. 3 . The cyclic voltammograms of dibenzotetrathiofulvalene (DBTTF) and tetrathiofulvalene (TTF) show two one-electron waves. Most of the compounds tested were reversible. Two exceptions were the iridium complex anion and bis(ethylenedithio)tetrathiofulvalene (BEDT-TTF) (Fig. 3 (c) and (d) ). The results are collected in Table 3 . Despite inconsistencies in potential values relative to a given reference electrode due to unknown liquid junction potentials in nonaqueous solvents, the potentials relative to the redox couples are reliable [251.
From these data, we expect TTF to oxidize at a lower potential than the iridium complex. Indeed, in bulk electrochemical oxidations of TTF in the presence of the iridium compound, only the TTF is oxidized [26] . In the case of DBTTF, on the other hand, the iridium compound oxidizes before the sulfur donor. We are now studying donors with potentials between these values.
In order to understand further the oxidation process in the iridium complex, and to elucidate other electronic factors controlling its arrangement in the solid state, semi-empirical extended Hiickel molecular orbital calculations were done on the compound. The orbitals of the anion alone (3) were calculated. Then a dimer model consisting of two stacked anions was studied to see how the energies and the metal-metal overlaps vary as a function of rotation of the molecular planes with respect to each other (Fig. 4) . Figure 5 shows part of the resulting correlation diagram of the monomer to the dimer for the most symmetric dimer arrangement with the rings eclipsing each other or a rotation angle equal to zero. In the HOMO-LUMO region, several observations can be made. Although there is little energy separation in the d~2 orbital and the ring 7r orbitals in the anion complex alone, upon approach of the two anion planes during dimer formation a strong interaction develops between the metal dz 2 orbitals as expected for a d s square planar transition metal species.
As a result of this interaction, the dz 2. orbital is pushed above the ring lr-orbitals and becomes the HOMO orbital. As oxidation occurs, we expect the electrons to be removed from this metal-metal antibonding orbital, increasing the metal-metal overlap and strengthening the metal-metal bond [27] . In the limit of oxidation to Ir(II), a full metal-metal o bond forms [29] . Another interesting aspect of this diagram is the interaction of the cyanoimidazole ring ~ orbitals through space, forming bonding and antibonding sets of orbitals. This interaction suggests that these ligands are partially controlling the rotational angle around the metal-metal axis. As Fig. 6 (a) shows, the total energy of the dimer drops as the ligand ~ systems are rotated out of each other's way, with an energy minimum occurring near the 180 ° staggered conformation. The metal-metal overlap reaches a maximum at 180 ° also, indicating a preference for this orientation by the metal orbitals as well {Fig. 6(b)). This is the geometry observed in the oxidized material for which structural data have been obtained [15] .
Conclusions
Cyanoimidazoles form a family of moderate electron acceptors. The parent compounds, 4,5<licyano-l-methylimidazole and 4,4',5,5'-tetracyano-1,1'<limethyl-2,2'-biimidazole, were derivatized to study the effect of substitutions on the electronic properties of these compounds. The results of these structural changes were assessed by cyclic voltammetry and extended Htickel molecular orbital caculations. The experimentally determined reduction potentials correlated fairly well with the calculated LUMO energies. Both properties are related to the ability of a material to accept electrons. The correlation will allow a rough estimate to be made of reduction potentials of unsynthesized members of this family from molecular orbital calculations.
Electron acceptors can also be prepared from cyanoimidazoles by using them as stabilizing ligands for low-valent transition metal complexes. Again using cyclic voltammetry, the properties were evaluated relative to a family of known donors. In this case the sulfur donors that were examined are also candidates for countercations in the formation of stacking chargetransfer complexes with the transition metal complexes. Extended Hfickel molecular orbital calculations provide a clearer electronic picture of the oxidation process and the probable structure of the transition metal complex during dimerization, the first step in formation of an extended linear solid. As more metal complexes of these cyanoimidazoles are prepared, their electrochemical properties can be evaluated similarly.
Experimental

Cyclic voltarnmetry
The data were obtained using a Princeton Applied Research model 173 potentiostat and a Hewlett Packard 7005b X-Y recorder with a threeelectrode system. The working electrode was a 1 mm platinum wire or a glassy carbon electrode [28] ; a platinum foil acted as the counter electrode. The reference electrode was separated from the sample compartment by a buffer compartment containing electrolyte solution and two fritted glass bridges. The internal resistance of the cell was uncompensated. All data were collected at ambient temperature. The scan rate was 100 mV/s. The electrodes and cell were cleaned by soaking in concentrated nitric acid, then rinsed with water followed by acetonitrile. The components were then dried in vacuo. The acetonitrile used was HPLC grade, distilled immediately prior to use from calcium hydride, or reagent-grade solvent distilled from calcium hydride, then from phosphorus pentoxide, and finally again from calcium hydride just prior to use. Electrolytes were recrystallized at least three times, carefully dried in vacuo and stored under nitrogen. All cell manipulations were done under inert atmosphere using Schlenk techniques.
All cyclic voltammograms were done in acetonitrile solutions with Ag/AgNO3, saturated calomel or Ag/AgC1 reference electrodes and 0.1 M tetraethylammonium tetrafluoroborate or tetrabutylammonium perchlorate solutions as the supporting electrolyte. The cyclic voltammograms of ferrocene and cobaltocenium hexafluorophosphate were measured under the same experimental conditions and used as internal standards. Between samples, the cell was rinsed repeatedly until negligible background current was observed. The potentials used in this study were one half the sum of the peak anodic and peak cathodic potentials in the case of reversible waves. Where there is no return wave, the value reported is the potential of the peak at half height. The reported potentials are averages of several determinations in many cases.
Calculations
Extended Hiickel calculations were done with the program ICON8 with the weighted Hi~ function [29] . The source file was redimensioned to accommodate the Ir dimer model compound. Parameters used in the program are shown in Table 4 [30] . Iridium Hu and zeta values for the 6s and 6p orbitals are relativistic extended Hiickel values, as are the 5d double zetas and coefficients [31, 32] . The value used for the 5d H u is not relativistic [33] . Bond lengths and angles in the iridium complexes were idealized slightly to maintain C2v symmetry. [34] . Tetrathiofulvalene (TTF), phenothiazene and ferrocene were obtained commercially and sublimed prior to use. Cobaltocenium hexafluorophosphate was purchased from Aldrich and used without further purification. Dibenzotetrathiofulvalene (DBTTF) was donated by Torrance [35] and bis(ethylenedithio)tetrathiofulvalene (BEDT-TTF) was given to us by Williams [ 36] .
4,5-Dicyanoimidazole, 4,5~licyano-l-vinylimidazole and 4,4',5,5'-tetracyano-2,2'-biimidazole were synthesized as reported previously [ 37 -39 ] .
Infrared spectra were recorded on a Nicolet 5DX FTIR spectrometer. Proton and carbon-13 nuclear magnetic resonance spectra were recorded on a Bruker AM-300 n.m.r, spectrometer. Nominal mass spectra were done on a Finnigan model 4021 quadrupole mass spectrometer; high-resolution mass spectra were recorded on a VG Analytical model 70-250S mass spectrometer. Elemental analyses were performed by Galbraith Analytical Laboratories, Knoxville, TN.
4, 5-D ic yano-l-me th y limidazole
Into a 25-ml three-neck roundbottom flask equipped with a condenser, heating mantle, magnetic stirrer and nitrogen atmosphere were placed 3 g (25.4 mmol) of 4,5-dicyanoimidazole and 15 ml of freshly distilled 1,2-dimethoxyethane. Triethylamine (3.6 ml, 25.4 mmol) was added and the solution was stirred for 15 min. Iodomethane (3.43 ml, 55.1 mmol) was added slowly and the mixture was stirred for 12 h. The triethylamine hydroiodide salt precipitated from the solution 15 min after addition of the iodomethane. The salt was filtered from the solution and the solvent removed from the filtrate. The resulting solid was dissolved in chloroform and washed with dilute ammonium hydroxide solution and water. The organic layer was dried over MgSO4 and the solvent was removed to yield 2.02 g of product (60%). The product was crystallized from 95% ethanol. 
4,4 ',5,5 '-Tetracyano-l,1 '-dimethyl-2,2 '-biimidazole
To a flask containing 0.109 g (0.29 mmol) of 4,4',5,5'-tetracyano-2,2'-biimidazole bis(tetramethylammonium) salt in 10 ml of dry acetonitrile was added iodomethane (4.5 g, 32 mmol). The mixture was stirred for 18 h. The remaining iodomethane was removed under reduced pressure, and the precipitated tetramethylammonium iodide salt was removed by filtration through a medium glass frit. The solvent volume was further reduced to yield a white solid, which was purified by crystallization to yield 0.050 g of the desired product (66% [40] ). To a mixture of 1.44 g (10.8 mmol) of 2-amino-4,5-dicyanoimidazole [41] in 30 ml of water were added 12 ml of concentrated HC1 and 0.84 g {12.2 mmol) of NaNO 2. The 2-diazo-4,5<licyanoimidazole zwitterion precipitated and was isolated by filtration. CAUTION: the diazonium zwitterion is extremely shock-and heat-sensitive. It should be prepared in small quantities only and handled while moist. The zwitterion was added to a solution of 1.11 g (22.7 mmol) of NaCN and 1.30 g {14.5 mmol) of CuCN in 100 ml of water. Nitrogen gas evolved immediately. The reaction was stirred for 3 h, at which time 8.41 g (40 mmol) of tetraethylammonium bromide were added. The dark reaction mixture was filtered and then extracted with dichloromethane (10 × 50 ml). The organic extracts were combined and the solvent was evaporated to give 1.63 g of the tetraethylammonium salt (58% 
2, 4, 5-Tricyano-l-me t h y limidazole
To a solution of 0.265 g (1.02 mmol) of the tetraethylammonium salt in 15 ml of freshly distilled THF was added 0.1 ml (1.0 mmol) of dimethylsulfate. The mixture was stirred overnight at 25 °C. A precipitate formed and was removed by filtration. The solvent was removed from the filtrate and the viscous oil that remained was taken up in dichloromethane, washed with aqueous ammonia and finally washed with water. The organic layer was dried over Na2SO4, filtered and stripped of solvent to give a tan solid. 2-Bromo-4,5-dicyanoimidazole 10 ml (29.3 g, 183 mmol) of Br 2 was added slowly to a solution of 5.00 g (42.4 mmol) of 4,5<licyanoimidazole in 100 ml of 0.1 M sodium hydroxide solution. The flask was loosely stoppered with a tuft of glass wool and the mixture was stirred for 18 h. The glass wool was removed and the flask was stirred until the excess bromine had escaped from the flask. The precipitated product was isolated by filtration and then purified by recrystallization from water to yield 7.53 g (90% 
2-Bro mo-4, 5-dicyano-1 -me thylimidazole
To a solution of 2.50 g (12.7 mmol) of 2-bromo-4,5<licyanoimidazole in 12 ml of freshly distilled THF was added 1.8 ml (12.7 mmol) of triethylamine. The solution was stirred for 30 min and then 1.20 ml (12.7 mmol) of dimethylsulfate was added. The reaction was stirred at room temperature for two days. An off that formed at the bottom of the flask was removed by pipet. The solvent was then evaporated. The residual solid was taken up in dichloromethane and washed with aqueous ammonia and saturated sodium chloride solution. The organic layer was dried over Na2SO4 and then evaporated to give a yellow-white solid. The solid was recrystallized from 95% ethanol to give 2.16 g of product (81% 
